Introduction From a clinical point of view, knowledge of customary standing positions among healthy young adolescents is of primary importance. The purpose of this study was to document the correlations between sagittal standing posture parameters in a pre-peak height velocity (pre-PHV) cohort. Materials and methods This cohort study included 639 pre-PHV boys (age 12.6 [SD, 0.54] years) and 557 pre-PHV girls (age 10.6 [SD, 0.47] years). Gross body segment orientations and spinopelvic orientation/shape indexes were quantified using a clinical screening protocol. Pearson's correlation coefficients were determined for all sagittal standing plane alignment parameters, and a postural model was used to analyze the correlations between parameters. Results Both at the gross body segment and spinopelvic level, an interdependence was found between postural parameters. No correlations were observed between 'global' parameters related to the pelvis, trunk or body anteroposterior translation postures and 'local' spinopelvic geometries. A similar pattern and strength of correlations was obtained in pre-PHV boys and girls, except for the reciprocal relationships between the craniovertebral angle and adjacent anatomic segment characteristics and between thoraco-lumbar geometries. Conclusions Although the correlation schemes do not imply a causal relationship, the proposed postural model allows conjecture about standing posture to be organized slightly differently in pre-PHV boys and girls. Whereas the standing posture in pre-PHV boys might be organized predominantly according to an ascending mode, bottom-up and top-down organizations appear to coexist in pre-PHV girls.
Introduction
Postural change occurs continuously throughout the entire time of ontogenesis, with critical periods at school age and puberty. Large cohort studies analyzing children and adolescents reported reference values of spinal and pelvic sagittal parameters [1] [2] [3] [4] [5] [6] . Other studies have characterized the changes in sagittal plane alignment during growth [7, 8] . In order to better understand the spinopelvic balance in normal children and adolescents, Mac-Thiong et al. [9] evaluated the standing lateral radiographs of 341 subjects, aged 3-18 years and proposed a postural model based on the relationship between various morphological, shape, and orientation parameters of the spine and pelvis.
A potential limitation of the majority of these studies [1, 2, 4, 5, [7] [8] [9] in characterizing standing postural mechanisms, relates to information on the alignment of the spinopelvic axis in the context of the whole body. External pelvic motion has a critical role in maintaining the balance of the spinopelvic axis: varying rotational position (pelvic tilt) and anteroposterior translation are well documented [10, 11] . However, few attempts have been made to include assessment of the orientation of the lower limbs in space [3, 6, [12] [13] [14] . Analogously, there have been few studies including the cervical spine/head regions [3, 6, 12, 15, 16] , of which only few were performed in the growing individual [3, 6, 12] . Such information, however, may be essential in pediatric/adolescent subjects as a complex integration must occur between the initial supposed 'topdown' or descending mode of postural organization and the later 'bottom-up' organization emerging with stance [17, 18] . An additional concern with prior publications involves the fact that numerous arm positions other than simply arms at sides have been adopted. This choice was predominantly made for postural data acquisition in stance, to permit adequate visualization of the spinopelvic orientation. Such altered arm positions may not produce the sagittal spinal alignment that is accurately representative of a subject's customary standing balance [19] .
Research of individual developing adolescents generally forms a major challenge [20, 21] . Puberty is accompanied by major maturational physical alterations in body shape and dimensions, and substantial brain changes [20] [21] [22] [23] . A major point not taken into consideration, in many studies, is the maturational difference between boys and girls of similar chronological age. It is well known that girls, on average, mature 2 year earlier than boys [22] . A potential influence of maturation and developmental factors on the postural alignment and spinal geometry has been put forward by several authors [2, 7, 9, 12, 24, 25] . It seems crucial to include the biological state of maturation into the research methodology when dealing with adolescents. Maturity status, however, has rarely been applied in epidemiological research on sagittal posture in healthy adolescents [3, 7, 25] .
The objective of this study is to analyze the standing postural mechanisms in healthy young adolescents using clinical methods for quantifying sagittal whole body posture and balance. More specifically, the interactions between the geometric parameters describing gross body segment orientation and spinopelvic profile characteristics are investigated in boys and girls during the same phase of growth, but not necessarily age.
Methods

Subjects
Six hundred thirty-nine boys of mean age 12.6 ± 0.54 years (range 11.4-15.0 years) and 557 girls of mean age 10.6 ± 0.47 years (range 9.6-13.0 years) participated in this study. Boys were first-grade students of mainstream secondary education in the Flemish Community of Belgium; girls were fifth-graders of mainstream primary education.
Children were excluded if they had a history of neurologic conditions, rheumatic disorders, metabolic or endocrine diseases, major congenital anomalies, skeletal disorders, connective tissue disorders, previous spinal fracture or previous spinal surgery. This study was approved by the Ethics Committee of the Ghent University Hospital. All participants and their parents gave written informed consent before the study.
Measurements
Subjects received a clinical screening protocol consisting of sagittal plane posture assessment during habitual standing and anthropometric measurements. Evaluation occurred over a 6-month period from September 2008 to February 2009 and was accomplished at schools and local pupil guidance centers.
Experimental protocol: habitual posture
Retro-reflective markers were placed on bony landmarks by one trained examiner (Fig. 1 ). Participants were instructed to stand in their normal, comfortable relaxed posture, arms resting by the sides, feet shoulder-width apart and equally balanced on both feet. To standardize the head posture, participants viewed a visual target set 1.5 m in front, at eye level. Postural data were obtained after three standing trials, each trial lasting 30 s. Between trials, participants were asked to do some modest walking stationary at the test mark.
Four angular measures describing the orientation of gross body segments with respect to the gravity line were calculated post hoc from digitized photographs of participants (left lateral view) using ImageJ software (National Institutes of Health, Bethesda, MD, USA). These 'global' alignment measures were pelvic displacement, trunk lean, body lean, and craniovertebral angle (CVA) ( Table 1 ). In addition, eight 'local' spinopelvic features describing the orientation and shape of the pelvis, and lumbar and thoracic spine were assessed ( Table 1 ). The vertebral level of the intercristal line, lumbar apex, inflection point, and thoracic apex were determined by one examiner via visual inspection and palpation. To quantify the sacral inclination, lumbar lordosis, and thoracic kyphosis, a skin-surface electromechanical device, the Spinal Mouse Ò (Idiag, Voletswil, Switzerland), was used. The Spinal Mouse system is a hand-held, computer-assisted electromechanical device housing accelerometers which records distance and changes of inclination with regard to the plumb line as it is rolled along the length of the spine. This information is then used to calculate the relative positions of the sacrum and vertebral bodies of the underlying bony spinal column using an intelligent, recursive algorithm. Pelvic tilt was measured using the Pro 3600 Digital Inclinometer (SPI-Tronic; Penn Tool Co, Maplewood, NJ, USA) mounted on a caliper. For more detailed methods, see Dolphens et al. [3] .
Anthropometric measurements
Four anthropometric variables (chronological age, stature, sitting height, and body mass) were measured along the guidelines recommended by the Saskatchewan Childhood Growth and Development Research Group (B. Mirwald, personal communication 2007-15-11) and were used in gender-specific regression equations [26] to predict maturity offset, i.e., time before or after peak height velocity (PHV):
Maturity offset in boys = -9.236 ? 0.0002708 9 leg length and sitting height interaction -0.001663 9 age and leg length interaction ? 0.007216 9 age and sitting height interaction ? 0.02292 9 weight by height ratio, where R = 0.94, R 2 = 0.89, and standard error of estimate (SEE) = 0.59.
Maturity offset in girls = -9.376 ? 0.0001882 9 leg length and sitting height interaction ? 0.0022 9 age and leg length interaction ? 0.005841 9 age and sitting height interaction -0.002658 9 age and weight interaction ? 0.07693 9 weight by height ratio, where R = 0.94, R 2 = 0.89, and SEE = 0.57.
Statistical analysis
The data were analyzed using PASW Statistics v18.0 (Chicago: SPSS Inc., 2009). In addition to descriptive statistics, comparisons between genders were performed using independent samples T test. Evaluation of clinical relevance of the results of each of the variables when comparing genders was performed based on distributionbased methods using the effect size (ES) and minimal important difference (MID). A description of these concepts and methods to calculate the clinical relevance of study results, can be found elsewhere [27] .
The following formulae were used to calculate the ES and MID, respectively:
where X G1 = mean group 1; X G2 = mean group 2; S pooled = pooled standard deviation. To calculate the pooled standard deviation, the following formula was used: S pooled ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, where S 1 = standard deviation group 1; S 2 = standard deviation group 2; n 1 = sample size for group 1; n 2 = sample size for group 2.
Within each gender, relationships between the geometric parameters were assessed using Pearson's correlation coefficients. The level of significance was set to 0.01 due to the high number of statistical tests performed. In accordance with the suggestions from Cohen [28] , statistically significant correlation coefficients were considered clinically significant only if C0.3.
Results
The response rate was 82.4 % for boys and 85.6 % for girls. Samples were representative for youth in Flanders regarding educational networks and levels. Predicted years from PHV, a maturational benchmark, were 1.2 ± 0.71 and 1.2 ± 0.59 pre-PHV in boys and girls, respectively. A total of 93.6 % of the boys and 96.2 % of the girls were classified as pre-PHV. Mean and standard deviation for all postural parameters are presented in Table 2 . Also included in Table 2 are the results from the independent samples T test and values for clinical relevance based on ES and MID. Statistically significant differences were found between genders in all postural parameters, except CVA and pelvic displacement angle; non-clinically relevant differences between genders were demonstrated for all parameters, except for body lean angle and thoracic kyphosis (potentially clinically relevant results).
The statistical correlations between the geometric parameters of gross body segment orientation and specific spinopelvic alignment are listed in Table 3 . Analogous to previous work [9, 15] , a postural model was developed to present the results of the correlation study and to better understand the interactions between all parameters. Since the current study not only investigates sagittal spinopelvic axis parameters, but also the orientation of gross body segments with respect to the gravity line, and sagittal plane posture is assessed clinically as opposed to radiographically, the original models [9, 15] were adapted. 'Global' parameters were considered to be orientation parameters; 'local' spinopelvic parameters were separated in two conceptual groups: orientation and shape. Using the same template, the postural model was applied to boys ( Fig. 2a) and girls (Fig. 2b) , separately. Statistically (P \ 0.01) and clinically (r C 0.3) significant correlation coefficients were used to implement the proposed postural model.
Regarding the gross body segment orientation parameters, significant linear relationships were found between the pelvic displacement, trunk lean, and body lean angle with moderate (0.3 B r \ 0.5) to strong (r C 0.5) correlations between these 'global' alignment characteristics in both genders. CVA was weakly related to trunk lean and body lean in boys (-0.1 B r \ -0.3, P \ 0.001), but not in girls. There were no or at most weak correlations between the 'global' parameters and the 'local' spinopelvic geometric measures with the exception of the statistically significant moderate correlation between the CVA and thoracic kyphosis in girls (-0.3 B r \ -0.5, P \ 0.001).
Within the spinopelvic axis, many significant linear correlations were found between pairs of parameters with varying correlation levels. Regarding the shape parameters corresponding to the vertebral level of pre-defined spinopelvic landmarks (pelvic height, lumbar apex, inflection point, thoracic apex), moderate to strong correlations were observed between each single parameter at all anatomic levels (pelvic, lumbar, and thoracic segment), and between adjacent anatomic areas (r C 0.3, P \ 0.001). Shape 
Discussion
To better appreciate the sagittal alignment in a normal young adolescent population, this study assessed the habitual standing posture in a representative cohort of Flemish boys and girls using a screening protocol with clinical applicability. Human body posture was represented by a series of three solid links representing three major body segments (lower limbs, trunk, and head), and by several local shape/orientation indices within the spinopelvic axis. A key aspect in the current study design was the recruitment of the target population according to a common maturational landmark, the age of attainment of PHV, yielding a developmental age baseline as opposed to a chronological baseline.
The most important finding of this study was that the pattern and strength of correlations is similar between pre-PHV boys and girls, implying a similar interdependence between postural parameters both at the gross body segment and spinopelvic level. More specifically, regarding the 'global' level (i.e. the orientation of superimposed body segments with respect to the external world) the results obtained demonstrate moderate to strong correlations between the pelvic displacement, trunk lean, and body lean angle, presumably to keep the Center of Gravity (COG) projection inside a physiological range within the supporting area [10, 13, 17] .
In terms of local shape/orientation indices within the spinopelvic axis, analyzes revealed numerous correlations. However, the most notable finding was that the linear correlations were stronger between posture variables at the lumbopelvic region, and weaker at the thoracic level and between the thoracic and lumbar areas, which is consistent with previous reports among normal children [4, 29] and adults [15] using radiography. Furthermore, an interdependence was demonstrated between the adjacent shape parameters corresponding to the vertebral level of predefined spinopelvic landmarks (i.e. position of the apex of thoracic and lumbar curves, position of the inflection point, and iliac height), whereas no clinically significant correlation was found between these spinopelvic 'extensiveness' parameters and curve 'magnitude' parameters, except in the lumbar region (position of the inflection point vs. total degrees of included lordosis). This observation underlines that both 'magnitude' (i.e. degrees of kyphosis and lordosis) and 'extensiveness' characteristics might be essential to depict spinopelvic shape. However, relatively few reports have been published in which top and limit spinopelvic landmarks were quantified [2] [3] [4] [30] [31] [32] .
The current results further convey that global and local postural alignment are relatively independent since in this study, no or at most weak correlations could be established between the anteroposterior translation postures of the pelvis, trunk, and body with the specific spinopelvic geometric parameters.
Some interesting discrepancies were found when comparing sexes. This in regard to the reciprocal relationships including the orientation of the cervical spine/head unit with respect to the gravity vector (measured as the CVA). The correlation between CVA and thoracic kyphosis was stronger in girls than in boys (moderate vs. weak correlation), and girls as opposed to boys lacked a statistically significant relationship between the CVA and trunk lean angle, and between the CVA and body lean angle. Although there have been no reports published yet on gender-specific correlation patterns between body segments for comparison, one might suggest that the CVA could either serve as a predominantly 'global' (pre-PHV boys) or 'local' (pre-PHV girls) parameter. In addition, the interruption of the correlations between the CVA and the other gross body segment orientation parameters in girls taken together with the accessory clinically significant correlations observed in girls between cervico-thoracic and thoracolumbar geometries, could give rise to the suggestion that standing posture is organized differently in pre-PHV boys and girls. More specifically, our results hint that standing posture in pre-PHV boys may be organized predominantly according to a bottom-up mode, whereas in pre-PHV girls both bottom-up and top-down organizations appear to coexist in static standing postures. Nonetheless, the proposed correlation schemes do not imply a causal relationship and more investigation is needed to corroborate the suggested difference in postural strategy in young adolescent boys and girls. In this respect, future research should also include boys and girls of similar chronological age within preconceived phases of growth.
This is the first clinical study to systematically quantify the sagittal full-body posture in terms of gross body segment orientation and local spinopelvic shape/orientation parameters within a young adolescent population. Hence, comparison with existing literature remains impeded. The correlation patterns reported above provide a more complete picture of the geometric interaction between body segments and suggest opportunities for innovative, stratified postural subgrouping strategies. Such information could be used as an aid in further research on posture and its clinical importance. Although the observed statistical differences in discrete geometric parameters between genders may be clinically questionable when a general pre-PHV population is considered, these authors opted for performing analyzes on the relationships between the geometric parameters in each sex, separately. The use of mixed sex groups as in the original postural model in normal pediatric subjects [9] might not be appropriate since interference of sex, age, or maturity related differences with the correlation patterns cannot be ruled out. 
Study limitations
Overall, the correlations found in the current study were relatively low. Our correlation coefficients (0.10 \ r \ 0.70) obtained with skin surface measurements were yet consistent with those published by Mac-Thiong et al. [9] in a normal pediatric population (0.14 \ r \ 0.68) using radiography. The failure to report kinetic data on sagittal balance is a recognized second limitation of this study. Due to the technical difficulties with the plantar pressure measurement platform used, information on the position of the COG projection could not be incorporated. A third limitation regards the particular profile of the current study sample with regard to biological/chronological age. Although the recruitment of boys and girls according to a developmental age baseline constitutes a limitation to the interpretation regarding sex or age related differences in the correlation patterns found, a first attempt was at least made to control for maturity. Concurrently, the authors recognize the importance of follow-up evaluations to allow for consideration of both chronological age and maturity status. Furthermore, these authors acknowledge that there is considerable inter-individual variation in timing, tempo, and sequence of biological changes during the growth spurt, also within each gender [22] , which was not taken into account. Finally, the cervical spine indeed was not assessed as thoroughly as were the thoraco-lumbo-pelvic regions.
Conclusions
From a clinical point of view, knowledge of customary standing positions is of primary importance. This study documents the sagittal standing balance in normal pre-PHV subjects, and describes a scheme of correlations in the framework of the segmental theory of postural organization. Generally, the pattern and strength of correlations was similar between both genders, showing a similar interdependence between orientation and shape parameters at both the gross body segment and spinopelvic level. Some interesting discrepancies between sexes were found regarding the reciprocal relationships between the CVA and adjacent segments and between some thoraco-lumbar geometries, suggesting that pre-PHV boys and girls may use a different postural strategy to organize their body segments. Whereas the orientation of the cervical spine/ head unit in space (measured as the CVA) appears to fulfill a mainly 'global' role in pre-PHV boys, it rather adopts a 'local' character in pre-PHV girls. From a developmental perspective, standing posture in pre-PHV boys might be organized mainly along an ascending strategy, whereas an articulated operation between bottom-up and top-down organizations could be suggested in pre-PHV girls.
